the latency between the end of a 5-minute anoxia treatment and the time point when the fly recovered.
O 2 consumption. In a closed system consisting of a specially designed Plexiglas jar (130 cm 3 volume), O 2 consumption of Drosophila is measured in room air and in a low-O 2 condition (1.5% O 2 ) using an O 2 probe (DO-O51; Cameron Instrument Co., Port Aransas, Texas, USA). Acclimatization time before any baseline measurement was 30 minutes. Baseline recordings were then made for 1 hour and were followed by O 2 -consumption measurements in hypoxic periods lasting for 60 minutes. In each trial, at least 1,000 flies were used. O 2 consumption was calculated from the drop in O 2 concentration in the jar.
Heat-shock response. In this experiment, the vials containing adult flies (age 3-4 days, 10-15 flies per vial) were placed in a 37°C water bath for certain periods. In six trials, 214 of hypnos-2 P and 229 of C-S flies were used. Numbers of dead flies were recorded at the time points of 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, and 6.0 hours during incubation.
Life span. Vials containing ten males and ten females from hypnos-2 P or control, newly enclosed C-S flies were placed at 25°C. In each group, 200 flies were used. The flies were passaged onto fresh food every 2-3 days. Dead flies were counted with each vial change.
Genetic and cytological mapping of hypnos-2 P . Our previous work has shown that hypnos-2 P is located between 1B5 and 5B (10) . To refine the cytological location of this mutation, complementation tests with several deficiencies were carried out. Briefly, male hypnos-2 P flies were crossed to virgin females with df(1)A94/FM7c, df(1)S39/FM7c, and df(1)st472/FM7c. From these crosses, female progenies carrying hypnos-2 P and a deficiency (hypnos-2 P /deficiency) were subjected to an anoxia test.
Southern blot analysis. To clone the hypnos-2 P gene, Southern blot analysis was performed. Briefly, genomic DNAs from C-S and hypnos-2 P flies were isolated and digested with different restriction enzymes (BglII, EcoRI, EcoRV, HindIII, BamHI, KpnI, NdeI, NheI, PstI, PvuII, SacI, ScaI, SphI, StuI, XbaI, XhoI, and XmnI). The digested genomic DNAs were separated in a 1% agarose gel and transferred onto Nytran membranes (Schleicher & Schuell Inc., Keene, New Hampshire, USA). The membranes were separately probed with 10 P 32 -labeled cosmids purchased from the European Drosophila Genomic Project (EDGP; Greece). These cosmids contained fly genomic DNA fragments that cover a 270-kb region spanning from 2B6 to 2B12, where the mutation of the hypnos-2 P was located.
PCR and the targets of hypnos-2 gene. To confirm the Southern blot analysis results from probe H14 (one of the labeled cosmids; see Results), PCR was performed in the presence of hypnos-2 P or C-S genomic DNA and a pair of primers designed according to the cosmid H14
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The genomic sequence (GenBank accession number AL035207, from 6660 to 6693 and 8670 to 8693). Since the hypnos-2 gene encodes a pre-mRNA adenosine deaminase that can edit several target molecules, some of these targets were examined in order to find the potential editing "hot spots" in these molecules. The target molecules studied in this work were sodium (para), potassium (shaker), calcium (Dmca1A), and chloride (DrosGluCl-α) channels, and the receptors for glutamate (dGluRI, dGluRIIA, and dGluRIIB) and serotonin. To determine the location of editing sites of these target molecules and the editing ratio at each editing site, we used RT-PCR in the presence of either hypnos-2 P or C-S cDNA. Primers used in RT-PCRs are summarized in Table 1 . For these PCR reactions, poly (A) + RNA purified from hypnos-2 P and C-S flies was first digested with RNase-free DNase (Boehringer Mannheim Biochemicals Inc., Indianapolis, Indiana, USA) before performing reverse transcription. The PCR products amplified from hypnos-2 P or C-S cDNA were cloned into TOPO TA cloning vector (Invitrogen Corp., San Diego, California, USA). For comparison, at least ten clones generated from two sets of PCR reactions were sequenced and analyzed using the LASERGENE program (DNASTAR Inc., Madison, Wisconsin, USA).
To examine whether the hypnos-2 gene is expressed in early developmental stages (6-to 8-hour-old embryo) and to determine whether full-length hypnos-2 mRNA is transcribed in hypnos-2 P flies, RT-PCR was performed. In the RT-PCR, two primers flanking the deletion region were used (AL035207; forward primer, 5799-5820; reverse primer, 7715-7738).
Transgenic and rescue experiments. To produce transgenic flies, the whole open reading frame of the hypnos-2 cDNA was subcloned into a PUAST vector. The recombinant construct was purified with a QIAGEN kit (QIA-GEN Inc., Valencia, California, USA) and microinjected together with helper DNA (transposase ∆2-3) into 30-minute-old w 1118 embryos at a concentration of 1 µg/µl. For rescue experiments, two transgenic fly lines carrying the transgene on the second chromosome (balanced with CyO), as well as two balancers on the third chromosome (TM3 sb and TM6B Hu) were separately crossed with a fly line carrying 32B-GAL4 on the third chromosome (balanced with TM3 sb), as well as two balancers on the second chromosome (Adv and CyO). The male progeny (+/Y; hypnos-2/CyO; 32B/TM3 sb) from these crosses were used to mate hypnos-2 P virgin females. The male progeny with a genotype of hypnos-2 P /Y; hypnos-2/+; 32B/+ were collected and subjected to an anoxia test at the age of 3-4 days. As controls, male flies with a genotype of +/Y; +/+; 32B/+ or hypnos-2 P /Y; +/+; 32B/+ of similar age were tested. In addition, flies of genotype w 1118 /Y; +/+; +/+ were tested and served as additional controls since w 1118 flies were used for the transgenic transformation.
Figure 1
Complementation test for genetic mapping of hypnos-2 P . The hypnos-2 P mutation was located previously between genetic markers y (1B1) and cv (5B) on the X chromosome (10) . To further map the cytological location of hypnos-2 P mutation, genetic crosses between hypnos-2 P flies and other deficiencies in this region were carried out (a). The recovery time after 5-minute anoxia was significantly prolonged in the hypnos-2 P -mutant flies when compared with either its heterozygotes (hypnos-2 P /+) or control (C-S) flies (P < 0.0001). The average recovery time (mean ± SE) for hypnos-2 P , heterozygote (hypnos-2 P /+), and C-S is 615.8 ± 23.5 seconds (n = 58), 321.1 ± 7 seconds (n = 51), and 324 ± 5.8 seconds (n = 204), respectively. Since the heterozygote female flies (hypnos-2 P /+) have a distribution similar to that of the wild-type flies, this mutation is recessive. It should be noted that there are two alleles at the hypnos-2 locus (hypnos-2 L and hypnos-2 P ), but we have focused on hypnos-2 P in this work. Our studies showed that hypnos-2 P flies failed to complement with the deletions of either df(1)A94 (1E3-2B15) or df(1)st472 (2B6-2B12), but they complemented with df(1)S39 (1E1-2B5). A P < 0.0001. (b) Schematic presentation of cytological locations of three deficiencies used in the complementation tests. The results from these complementation tests indicate that the hypnos-2 P mutation is located in the region between 2B6 and 2B12 on the X chromosome.
Figure 2
Effect of heat shock on lethality. Heat shock at 37°C has profound effects on hypnos-2 P flies, and these die at a much higher proportion than C-S flies (P < 0.05 at 2.5 hours; P < 0.01 at 3 hours; P < 0.0001 at 3.5 to 6 hours). The duration of heat shock that induced 50% death in hypnos-2 P flies is significantly shorter than that in C-S flies (3.15 vs. 4.26 hours).
Tissue in situ hybridization. To examine the distribution of hypnos-2 transcript in the fly head, in situ hybridization was performed as described elsewhere (9) . Briefly, 10 µm cryosections from OTC-embedded adult fly heads were probed overnight with S 35 -labeled antisense or sense RNA probe (∼1.0 × 10 6 cpm/section). After hybridization, slides were coated with LM-1 emulsion (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) and incubated for 10 days at 4°C in a light-tight box, developed in Kodak D19 (Eastman Kodak Co., New York, New York, USA), and analyzed using light microscopy.
Drosophila histology. The freshly dissected fly heads (3 days and 35 days old) were immediately fixed with glutaraldehyde and osmic acid (OsO 4 ). After dehydration, the heads were embedded with durcapan resin (Ted Pella Inc., Redding, California, USA). Serial frontal sections (2.1 µm) were obtained and examined with light microscopy. Four fly heads from each group were sectioned.
Neuronal culture and electrophysiologic recordings. For our electrophysiologic studies, Drosophila neurons were prepared using O'Dowd's method (11) . Briefly, 5-hour-old embryos from C-S and hypnos-2 P mutant flies were collected and bleached. Embryos were then opened, cells dispersed in Drosophila-defined medium 1 (DDM1), and egg shells removed. The dispersed cells were kept in DDM1 in an incubator supplied with 5% CO 2 at 25°C up to 14 days. About 90% of differentiated cells prepared in this way were neurons (11) . To identify neurons in culture, we used morphologic criteria such as the presence of processes with a pyramidal-or elliptical-shaped soma as described previously (12) .
All recordings in Drosophila neurons were performed at room temperature ( 
Figure 3
Neuronal degeneration in aged hypnos-2 P flies. Frontal sections (2.1 µm) were obtained from durcapan resin-embedded 35-day-old male heads. Neuronal degeneration was detectable in the cortical neurons of medulla and lobula complex as well as in the lamina in hypnos-2 P (b) (arrowheads), but not in C-S flies of the same age (a). It should be pointed out that no lesions were observed in 3-day-old adult flies of either hypnos-2 P or C-S (data not shown).
Figure 4
Mapping hypnos-2 P mutation. (a) Schematic representation of the cytological location of each of the genomic probes used in the Southern blot analysis. These probes were labeled cosmids and cover the cytological region from 2B6 to 2B12 (∼270 kb) where hypnos-2 P mutation is located. From these probes, only probe H14 gave a different hybridization pattern between C-S and hypnos-2 P flies. The internal pipette solution for the voltage-clamp experiments was also similar to that for the current-clamp experiments except for CsCl or CsF substituting for KCl. Cells were used if they had a smooth surface and a three-dimensional contour and were not considered for recording when they had flat or grainy surfaces. Similar criteria have been used by us in the past (12) . Electrophysiologic criteria related to seal resistance, holding current magnitude, and series resistance were also used for accepting cells in our analysis (12) .
Results
Increased sensitivity of hypnos-2 P to lack of O 2 . The latency to recovery from stupor induced by a 5-minute period of anoxia is very prolonged in hypnos-2 P flies, with a mean recovery time that is more than double that of wild-type C-S flies (615.8 ± 23.5 vs. 321.1 ± 7 seconds; Figure 1a ). This increased sensitivity to lack of O 2 is also manifested at the time of anoxia induction, as this mutant loses motor control at a significantly faster rate than wild-type flies. We have also observed that the locomotor ability of hypnos-2 P flies is limited, although they can jump and move around in the culture vial.
Other aspects of the hypnos-2 P -mutant phenotype. To test whether the mutation of hypnos-2 gene can affect other physiological processes besides the recovery from anoxia, we measured O 2 consumption in normal (room air) and low-O 2 environment in wild-type and hypnos-2 P flies. O 2 consumption in the mutants was similar to that in C-S flies in both room air (20.8% of O 2 ) and during low-O 2 exposure (1-2% inspired O 2 ). To stress further the metabolic O 2 demands in the mutant flies and elicit potential differences between the wild-type and the mutant, we examined the effect of heat shock on both groups of flies. These experiments demonstrated that hypnos-2 P -mutant flies were significantly more sensitive to heat shock as compared with wild-type C-S flies. After 2.5 hours at 37°C, adult hypnos-2 P flies died at a much higher rate than C-S flies (Figure 2) . Moreover, we found that at 25°C the hypnos-2 P flies have a shorter life span than C-S flies. For example, approximately 50% of the mutant flies, but only about 15% of C-S flies, had died before they reached 35 days of age. From these data, we conclude that hypnos-2 P mutants have an enhanced sensitivity to O 2 deprivation, an increased susceptibility to heat shock (which Cloning of a Drosophila pre-mRNA adenosine deaminase (dADAR) (a) Schematic representation of the organization of dADAR gene. The wild-type dADAR gene consists of ten exons and nine introns. In hypnos-2 P , 434 bp of genomic DNA, marked by two arrowheads, have been deleted. (b) A domain map shows schematically a deduced dADAR protein that contains two double-stranded RNA-binding domains (dsRBDs; shaded boxes) and the deaminase domain with its putative Zn + -chelating residues (asterisks). (c) Alignment among Drosophila (D), rat (R; accession number S78526), and human (H; accession number X99383) ADAR proteins. Gaps are introduced for optimal alignment; identical residues are highlighted. The nuclear localization signal (NLS) is underlined and labeled at the end of the NH 2 terminal. The two dsRBDs are underlined and labeled, and the three Zn + -chelating residues are bold and marked with asterisks. The deleted fragment in hypnos-2 P mutation is marked by two flanking arrowheads. The identities between dADAR and rADAR and between dADAR and hADAR are 43% and 44%, respectively. The GenBank accession number for dADAR cDNA is AF343579.
may be related to increased O 2 demands or to heat shock itself), and a shorter life span.
To determine whether the behavioral and physiologic abnormalities are associated with structural alterations in the fly central nervous system (CNS), we examined sections from C-S and mutant brains using light microscopy. Frontal sections (2.1 µm) through adult heads of male flies at 35 days of age clearly showed degeneration in cortical neurons located in the medulla and lobula complex as well as in the lamina of hypnos-2 P mutants (Figure 3b, arrowheads) , but not in the neurons of control flies. The data of neuronal degeneration in the aged mutant flies are consistent with our findings that the mutant flies have a shorter life span. It should be pointed out that these abnormalities were not seen in young flies (3 days old) from both hypnos-2 P and C-S.
Genetic and cytological mapping of hypnos-2 P . Our initial genetic studies have localized hypnos-2 P in the region between 1B5 and 5B on the X chromosome (10) . After carrying out a series of backcrosses to remove possible mutations at other loci, we performed a series of complementation tests using deficiencies in this region to refine the cytological location of hypnos-2 P mutation (Figure 1b) . From these complementation tests, we concluded that hypnos-2 P mutation is located in the region between 2B6 and 2B12 ( Figure 1, a and b) . This mutation is a strong amorphic allele because the transheterozygote females (hypnos-2 P /A94 or hypnos-2 P /st472) carrying hypnos-2 P mutation over deficiency show a distribution of recovery time similar to that found in hypnos-2 P homozygous females (Figure 1a) .
Cloning and characterization of hypnos-2 gene. To clone the gene responsible for the hypnos-2 P mutation, a series of Southern blot analyses was performed using ten cosmids (purchased from EDGP). These cosmids cover a 270-kb region spanning the whole region of interest (2B6-2B12; Figure 4a) . Results from this analysis demonstrated that the mutation of hypnos-2 gene is located in the region covered by the cosmid H14 (Figure 4, b and c) . This finding was then confirmed by PCR (Figure 4d ). The PCR products were cloned and sequenced. Comparison of the sequenced genomic DNAs from the mutant and wild-type flies revealed that a genomic fragment of 434 bp in hypnos-2 P flies was deleted (Figure 5a ). Analyzing Drosophila genomic sequence submitted by EDGP showed that this deletion is located in a gene called double-stranded premRNA-specific adenosine deaminase. Since deduced pro-
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Figure 6
Transformation rescue. Since the deletion in the dADAR gene is located on the X chromosome, only male flies were tested, and the recovery from a 5-minute anoxia was presented as cumulative frequency.
Male hypnos-2 P -32B and w 1118 flies served as controls. The prolonged recovery of hypnos-2 P flies can be fully rescued by a wild-type dADAR transgene. The average recovery time (mean ± SE) for hypnos-2 P male flies carrying the wild-type UAS transgene driven by 32B-GAL4 is similar to that for w 1118 males (hypnos-2 P -dADAR vs. w 1118 : 317.4 ± 4.2 seconds, n = 115, vs. 314.2 ± 7.2 seconds, n = 84). Note also that almost 100% of flies from both w 1118 and hypnos-2 P -dADAR groups had recovered before any fly recovered from the hypnos-2 P group. As controls, hypnos-2 P male flies and male flies carrying hypnos-2 P and promoter 32B-GAL4 without the dADAR transgene (hypnos-2 P -32B) had a similar recovery time (638.8 ± 11.4 seconds, n = 141, vs. 646.8 ± 13.6 seconds, n = 76, respectively). tein of hypnos-2 P is highly homologous to the mammalian pre-mRNA adenosine deaminase (ADAR2) (13-17), we also named the hypnos-2 gene dADAR. While this work was in progress, Reenan's group reported on this Drosophila gene elsewhere (18) (19) (20) . Sequence analysis showed that two expressed sequence tag (EST) clones contained fulllength open reading frames. Comparison between the fulllength cDNA and genomic sequence in the fly database showed that the dADAR gene consisted of ten exons and nine introns. The open reading frame of this gene encodes a 632-amino acid protein (632-aa protein) with a molecular weight of 70 kDa ( Figure 5 , b and c). Like its vertebrate homologues, the dADAR protein contains a typical nuclear localization signal, two double-stranded RNAbinding domains (dsRBDs), and a deaminase domain with three conserved Zn 2+ -binding residues (Figure 5c ). The deletion in the deduced hypnos-2 P protein was an inframe one, and it eliminated the second dsRBD and part of the deaminase domain that is located in exons 5 and 6 ( Figure 5, b and c) .
Wild-type dADAR transgene rescues the resistance to O 2 deprivation of hypnos-2 P flies.
To ensure that the phenotype displayed in hypnos-2 P flies is not due to the perturbation of neighboring genes that may be indirectly disrupted by the genetic lesion and to provide definitive evidence that the mutation of dADAR gene is responsible for the sensitivity to anoxia shown in hypnos-2 P flies, a transformation rescue experiment with a wild-type dADAR transgene was performed. All aspects of the phenotype that appeared in hypnos-2 P flies were rescued by the transgene. Hypnos-2 P male flies carrying the wild-type UAS transgene driven by 32B-GAL4 (hypnos-2 P -dADAR) show no prolongation in recovery time from a 5-minute anoxia when compared with control male flies (w 1118 ) (317.4 ± 4.2 seconds vs. 314.2 ± 7.2 seconds, respectively; Figure  6 ). Furthermore, uncoordinated locomotion was also rescued by the transgene. Data from our complementation tests, rescue experiments, and studies on dADAR targets (see below) demonstrate, therefore, that removal of the second dsRBD and part of the deaminase domain eliminates entirely the editing activity of dADAR.
Expression of dADAR gene. To study the tissue distribution and the developmental profile of expression of this gene, nucleic acid hybridization and PCR were performed (9) . Northern blot analysis showed that a major transcript band at approximately 8.0 kb existed mainly in the adult head and the transcripts in hypnos-2 P were smaller than those in C-S (Figure 7a) , indicating that the deletion in hypnos-2 P is an in-frame one, as was shown by our direct sequence. Furthermore, the expression of this gene is developmentally regulated. A band of 3.5 kb was found only in 1-to 3-hour-old embryos. From late embryonic to early pupal stages, this gene is expressed at a low level (data not shown). To confirm the results from the Northern blot analysis and to prove that hypnos-2 P does not express full-length dADAR transcripts, RT-PCR was performed. The results from these PCR experiments showed that dADAR mRNA is detectable in young embryos (for example, 6-8 hours) and that no full-length of dADAR transcripts was observed in both hypnos-2 P embryo and adult (Figure 7b ). We also found that there are several alternative splicing isoforms of dADAR, and these isoforms are developmentally regulated.
To study the distribution of dADAR transcripts in the fly head, in situ hybridization with dADAR cRNA probe was carried out. An intense signal was observed only in neurons of lamina and the cortical region of central brain (Figure 7c, arrowheads) . Hence, the results from both Northern and in situ hybridization analyses reveal that the dADAR gene is expressed primarily in the adult brain. The neuronal-specific expression of dADAR mRNA in the CNS of the adult fly supports our previous electrophysi- Site-specific A→G changes in dADR-target molecules. Adenosine at each hot spot of the C-S para cDNA is edited into inosine (guanosine) to various degrees. In contrast, no editing was found at all in the hypnos-2 P mutation. The changes from adenosine to guanosine result in corresponding amino acid alterations.
The clones from at least two sets of PCR were sequenced and compared at each hot spot for both C-S and hypnos-2 P mice.
ologic Giant Fiber data on the mutants. We demonstrated that the mutant flies have either a total lack of evoked potentials (EP) or a marked delay of EP for recovery from anoxia when Giant neurons were stimulated (10) . Target molecules of dADAR. It has become clear that premRNA editing by ADAR plays an important role in a number of biological processes. For example, it has been reported that ADAR can edit several substrates such as the pre-mRNAs for glutamate and serotonin receptors (21) (22) (23) (24) , voltage-gated channels for K + , Na + , and Ca 2+ (18, 20, 25, 26) , and the glutamate-gated Cl -channel (DrosGluCl-α) (27) . To analyze the editing activities of dADAR on these targets in both C-S and hypnos-2 P mutants, we performed RT-PCR, and their products were cloned and sequenced. The results from these experiments show that dADAR extensively edits Na + (para), Ca 2+ (Dmca1A), and chloride (DrosGluCl-α) ion channel mRNAs (Table  2) . For example, the Drosophila para Na + channel is edited at seven hot spots ( Figure 8 , a and b) and results in eight amino acid changes in the coding region. In wildtype Na + -channel transcripts, the editing ratio varies from one hot spot to another, ranging from 20 to 70% (Table 2 ). The editing activity was totally eliminated in hypnos-2 P flies, indicating that the dADAR activity was totally abolished in these flies (Table 2) . Our studies showed also that, unlike mammals (15, 17, 21, 22) , shaker-like K + channel and receptors for glutamate and serotonin are not edited in the wild-type fruit fly. . This is an example of a Na + -channel current from hypnos-2 P and C-S. Note that a larger Na + current was seen in hypnos-2 P as compared with the wild-type C-S.
As an initial attempt to determine whether the lack of editing in the channel transcripts can affect their functions, we cultured neurons from wild-type and hypnos-2 P -mutant embryos, performed current and voltageclamp recordings, and focused on one of the channels, namely the Na + channel (Figure 8c ). About 30-40% of both mutant and C-S neurons from at least six different cultures expressed Na + currents, and most of these neurons fired action potentials. The membrane potential in the mutant was significantly lower than in wild-type neurons (-41 ± 3.2 mV, n = 29 in C-S, and -32 ± 6 mV, n = 18 in the mutant; P < 0.05). It is interesting, however, that despite a less-negative membrane potential in the mutant cells, the Na + -channel current density, or peak Na + -current normalized to capacitance, was significantly higher in the mutant than in C-S neurons (120 ± 43 pA/pF, n = 11, vs. 91 ± 18 pA/pF, n = 22; P < 0.05, Wilcoxon rank sum test). These results provide the first in vivo evidence that there are functional electrophysiological consequences resulting from the lack of editing of the Na + channel by the adenosine deaminase.
Discussion
We have shown in this work that the mutation of dADAR in hypnos-2 P significantly prolonged the recovery from anoxic stupor and led to neuronal degeneration in aged flies. All aspects of the hypnos-2 P phenotype resulted from the partial deletion of the dADAR gene since these can be fully rescued by a wild-type dADAR transgene. Although we cannot rule out the existence of other targets for this deaminase, it is highly likely that the extensive editing of Na + , Ca 2+ , and chloride channels found in this study and others (26, 27) plays an important role in this anoxia tolerance and in the phenotype described. The importance of the integrity of genes encoding for channels, such as the voltage-gated para Na + and Dmca1A channels, have been shown using genetic and molecular techniques to be essential in the maintenance of normal neuronal functions. For example, disruption of either of the para Na + or the cac Ca 2+ channel gene will generate abnormal neurophysiological and behavioral phenotypes (28, 29) and disruption of A→G RNA editing can result in severe neurologic dysfunction (19) (20) (21) (22) . Hence, the activity of membrane proteins such as certain voltage-gated channels are highly controlled by the adenosine deaminase, which is regulated not only during development but also in a tissue-specific manner, as we showed in this work. Of relevance to our current data are in vitro electrophysiologic studies that have shown that these membrane proteins, especially the voltage-gated Na + and Ca 2+ channels, play a pivotal role in nerve cell injury caused by O 2 deprivation (1, (30) (31) (32) . Therefore, taken together, these data lead us to hypothesize that the phenotypic consequences of hypnos-2 P mutation reported here are, at least in part, due to the absence of editing of pre-mRNAs for these Drosophila ion channels in the mutant flies. This idea is supported by our electrophysiologic recordings showing that the lack of editing of para Na + in hypnos-2 P -mutant neurons can lead to an increase in Na + influx into neurons, especially during low O 2 states, an important phenomenon that we and others have studied in mammalian tissues (30, 32) . These channel proteins in their unedited pre-mRNA form (resulting from a defective adenosine deaminase) may have different functional properties that disturbs neuronal ionic homeostasis and leads to prolonged recovery from anoxic stupor, decreased survival during high O 2 demands or heat shock, and neuronal degeneration in aged mutant flies. Indeed, an increase in Na + influx into neurons can result in severe neuronal injury (30) . This gain of function in Na + channel current is similar to that of editing-deficient glutamate-receptor subtype IIB, which resulted in an increase in Ca 2+ and Na + influx, severe neurologic dysfunction, and early-onset epilepsy (21, 22) . Given the biological importance and phylogenetic conservation of ADAR, cloning and characterization of the dADAR will facilitate our understanding of genetic and molecular bases for the tolerance to lack of O 2 and environmental stress in mammals and humans.
